
PHYSICAL REVIEW E NOVEMBER 1998VOLUME 58, NUMBER 5
Heavy-ion-beam-induced laser scheme in hydrogenlike He1

M. Salvermoser, A. Ulrich, and J. Wieser
Technische Universita¨t München, Fakulta¨t für Physik E12, James Franck Strasse 1, D-85747 Garching, Germany

~Received 23 February 1998; revised manuscript received 15 June 1998!

A recombination laser scheme on thel5164 nmn53 – 2 transition in H-like He1* ions is studied. Doubly
ionized helium is produced in a 300-mbar He gastarget using a pulsed 110-MeV32S81 heavy-ion beam. The
cross section for this ionization process is 9.2310217 cm2. Since the flux of existing heavy-ion accelerators is
limited, plasmas generated directly by heavy-ion beams reach only an electron densityne on the order of
1012 cm23. In order to study three body recombination of He21 ions with free electrons, electron densitiesne

of at least 1014 cm23 and electron temperaturesTe well below 0.1 eV are necessary. In this study the required
electron density is produced by means of a special gas discharge. Time evolution of the plasma parametersne

andTe in the plasma target prior to the arrival of the heavy-ion beam pulse is described by a numerical model.
Light intensity on the 164-nmn53 – 2 transition following heavy-ion beam excitation is measured using time
resolved optical spectroscopy. Light intensity on this spectral line and its dependence from electron density and

temperature in the plasma is interpreted using a system of coupled rate equations modeling the He1* system.
@S1063-651X~98!08211-7#

PACS number~s!: 52.40.Mj, 52.70.Kz
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I. INTRODUCTION

There are two different approaches for obtaining popu
tion inversion in short wavelength lasers. On the one ha
there is the group of ion lasers@1,2#, which require an ion-
izing nonequilibrium plasma as a laser medium. In this c
the electron energy distribution function has a high ene
component. These fast electrons are capable of popula
the upper laser level by inelastic collisions. On the oth
hand, a recombinative nonequilibrium situation can be u
to establish population inversion@3–5#. In this case the
plasma has a high electron densityne and a low electron
temperatureTe , thus favoring recombination of highly
charged ions with plasma electrons. The three body rec
bination process

XZ112e2→X~Z21!1* 1e2 ~1!

between an ion~X! with charge stateZ and two free electrons
is the dominant recombination process. The rate of this re
tion, R3K1 depends on the ion’s chargeZ and the plasma
parametersne andTe @6,7#:

R3K5k3Kne
255.4310227

Z3

Te
9/2 ne

2 eV9/2 cm6

s
. ~2!

Since R3K;ne
2Te

29/2 a high electron densityne and a low
electron temperatureTe are required for a high three bod
recombination rate. The recombining electron is caugh
highly excited Rydberg-states, and subsequently deexc
via fast collisional deexcitation.

Recombination laser systems with wavelengths as sho
the extreme vacuum ultraviolet (XUV,l<100 nm) were
predicted as early as 1965@3#, and demonstrated successfu
many times@8,9#. In these cases, high power laser puls
were used to generate dense, hot plasmas ablated from
surface of solid targets~e.g., carbon!, which dissipate energy
very quickly by adiabatic expansion and radiation coolin
PRE 581063-651X/98/58~5!/6531~8!/$15.00
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For a short time during this very dynamic plasma evoluti
process, plasma parameters are favorable for establis
population inversion by recombination of highly charg
ions with cooled free electrons.

An alternative approach for producing supercooled
combining plasmas using a heavy-ion beam stopped i
rare-gas target (p'1000 mbar) is proposed here. The ma
aspect for using heavy-ion beams are the high cross sec
for producing highly charged target ions@10,11#. This colli-
sional ionization process is nonthermal, and the recoil tar
ions have a very low kinetic energy@12#. As a result, heavy-
ion beams have the potential for producing plasmas w
high densities of multiply charged ions embedded in a c
environment of neutral target atoms or dense low tempe
ture plasmas. In heavy-ion beam driven plasmas, a large
centage of the energy deposition in the target is stored in
form of ionization energy of ground state target ions. The
are several ways to channel this energy reservoir into a
tain laser transition.

On the one hand, the target ions can react with the s
rounding cold target atoms. This is the case in all heavy-
beam pumped lasers up to now, since the beam curren
heavy-ion accelerators is rather limited. As a result, elect
densities produced directly by heavy-ion collisions are
low for obtaining significant three body recombination rat
with free electrons. The degree of ionizationx by this pro-
cess is presently only on the order ofx'1026. As a conse-
quence, the target ions produced predominantly fo
charged excimers with the surrounding cold target gas ato
These charged rare-gas excimer molecules recombine
dissociative recombination with free electrons, leaving o
atom in an excited state. Recombination of molecular ions
heavy-ion beam excited gas targets was investigated
Ribitzki et al. @13#, and is instrumental for establishing pop
lation inversion in heavy-ion beam pumped lasers@14,15#.

On the other hand, it is possible to channel the poten
energy directly into ionic transitions, if the ions are su
6531 © 1998 The American Physical Society
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6532 PRE 58M. SALVERMOSER, A. ULRICH, AND J. WIESER
rounded by a high electron density. These can be quasi
weakly bound electrons from donor atoms~for example, Cs
atoms! which are mixed with the target gas at a sufficien
high density@16#. The upper level in such laser schemes
efficiently populated by selective charge transfer reacti
between a heavy-ion beam produced target ion and a d
atom.

As the beam intensity increases, electron density in
target increases as well, leading to a high three body rec
bination rate of free electrons with heavy-ion beam produ
target ions. This way, ionization energy stored in the grou
state ions is channeled efficiently into highly excited ion
levels, making recombination laser schemes possible.

Motivated by the development of high intensity heavy-i
accelerators such as the high intensity development prog
at the Gesellschaft fu¨r Schwerionenforschung in Darmsta
@17#, it will be possible to produce high specific power de
sities in the target. This will lead to degrees of ionization
x51024 and more. Based on predictions using the mo
described here, these intense heavy-ion beams will cr
plasma parameters in the target, suitable for quasi-dc ~10–80
ns pulses! recombination lasers around 100 nm.

For studying this situation in advance, a special plas
target has been developed providing a high electron den
(ne'1014 cm23) by using a gas discharge in a 300-mb
helium-gas target. The target can be operated in two mo
with discharge on and off. In both cases light on thel
5164 nm (n53→2) transition in H-like He1 induced by
the heavy-ion beam pulse is observed using time reso
optical spectroscopy. Light on this transition without
plasma target is used as a reference for heavy-ion beam
duced light output with plasma target on. At delay tim
between 100 and 500 ns after igniting the discharge, a 1
MeV 32S81 heavy-ion beam pulse of 2-ns duration was s
into the plasma target, efficiently producing He21 ions. A
model has been developed which describes the tempora
velopment of plasma parameters in the plasma target u
the arrival of the heavy-ion beam pulse. Production of He21

ions in an environment created by the plasma target lead
an increase of ion beam induced population density in
He1* (n53) level due to three body recombination of He21

ions with free plasma electrons. This level is also popula
directly in collisions of the projectiles with the He atoms
the target gas. In the experiment we compare the light ou
on the l5164 nm He1* (n53→2) transition induced di-
rectly by heavy-ion beam excitation~discharge switched off!
with the light intensity with the plasma target activated lea
ing to additional population via the recombination proce
An increase in light output of 40% in case of the plasm
target activated was observed. The increase of popula
density in the He1* (n53) level due to three body recom
bination of He21 ions can be described using a model f
temporal development of plasma parameters in the disch
plasma and a system of rate equations for H-like He1* .

The transition studied is one of the typical recombinat
laser transitions in H-like ions in the XUV spectral regio
@8#. The scheme described here can therefore be scale
recombination laser schemes using more highly char
ions.
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II. EXPERIMENT

A. Ion beam

Experiments were performed at the Munich Tandem v
de Graff accelerator. A pulsed beam of 110-MeV32S91 ions
was used for the excitation of a helium-gas target. Each p
consisted of 106 particles and was focused to a beam spot
0.8-mm diameter. The pulse width of each pulse was 2
Pulses were formed using a pulsing system installed at
low energy side of the accelerator consisting of an elec
static chopper and a double drift tube buncher. The insta
neous ion beam flux at the focus spot inside the target
was 531016 cm22 s21. The ion beam was sent into the ga
target~helium,pHe5300 mbar andnHe51019 cm23! through
a 1 mg/cm2 titanium entrance foil of 4-mm aperture. Using
cross section measured by Berg@18#, initial He1 and He21

densities of 1012 and 931010 cm23 are produced in the tar
get. The pulsing system was used with a pulsing seque
with 819.2-ms-delay time between ion beam pulses. Sin
the plasma target could only be operated with a repetit
rate of 10 Hz, a heavy-ion beam pulse was selected ev
100 ms to trigger the gas discharge. The time history of
experiment is schematically shown in Fig. 1. The first pu
preionized the gas. Then the plasma target was ignited
producing free electrons. The following ion beam pulse w
used for the actual experiment. A capacitive pick-off produ
ing a fast timing signal at the arrival of a beam pulse w
installed in the beam line for triggering the discharge a
data taking using adjustable delays.

B. Target cell and plasma target

A schematic drawing of the target cell is shown in Fig.
It was made from standard stainless steel high vacuum c
ponents with a 100-mm tube diameter. Two 40-mm-lo
knive-edge shaped tungsten electrodes were mounted in
center of the cell. They were separated by 1 mm and c
fully aligned with respect to the ion beam axis. The fin
adjustment of the beam was performed during the exp
ment using steerer magnets in the beam line while obser
the beam position with an alignment telescope throug

FIG. 1. Timing scheme used for the experiment: A first hea
ion beam pulse preionizes the volume between two blade e
trodes, and is used to provide a trigger signal for the plasma ta
a time intervaldt before a second beam pulse arrives. This sec
beam pulse produces He21 ions. Three body recombination of thes
ions with free electrons in the target plasma is studied.
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viewing port at the end of the cell. The electrodes were h
by insulating mounts made from teflon. Wherever possi
the electrical feed through was designed for a rf resistanc
50 V. A brass tube was placed around the blade electro
and leads inside the cell for that purpose.

A modified power supply from a nitrogen laser was us
as a driver for the discharge. Triggering was performed b
thyratron switch delivering a 16-kV pulse to the coaxial hig
voltage cable leading to the cell. The shape of the curr
pulse was measured using a Rogowski coil. Two capaci
probes were installed inside the cell for measuring the v
age drop across the discharge gap versus time.

The plasma target was designed as a special streame
charge. The goal was to produce a homogeneously exc
volume with an electron densityne on the order of
1015 cm23 and a low electron temperatureTe on the order of
0.1 eV.

The concept was to preionize the target volume with
first ion beam pulse. Then, with a delay of 819ms, approxi-
mately 200 ns before the next heavy-ion beam pulse arriv
the high voltage pulse for the discharge was applied. Stre
ers in which the density of free electrons increases due
electron collisions develop in the electrical field between
electrodes. It is important to stop the streamer process
idly for a cooling phase for the electrons to follow. This w
achieved by an arc discharge which developed at one en
the blade electrodes. A separate sharp tip attached to
grounded electrode with a slightly shorter distance to the
electrode than the knife edge part of the grounded electr

FIG. 2. Schematic drawing of the experimental setup: The tar
cell, beam line, discharge region, and electrical ignition systems
shown.
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was used for that purpose. The arc discharge which es
tially short circuited the electrodes typically 5 ns after ign
tion was optically well shielded from the diagnostic part
the setup.

An estimate of the average electron densityne in the re-
gion adjacent to the anode, right after termination of t
streamers by the arc as described above, can be obtain
follows. As long as the electrical field between the electrod
is on, electrons are accelerated by the external electr
field, causing collisional ionization of neutral helium atom
The average distance an electron travels until it ionize
helium atom is given by the inverse of the Townsend ioni
tion coefficienta. In the streamer head, the external elec
cal field separates electrons and He1 ions by a distance on
the order ofa21. This causes an internal polarization fie
EPol on the order of

EPol'
enea

21

e0

which is in opposite direction to the external electrical fie
Eextern. †Here e51.6310219 A s, e058.85310212 A s/Vm
and a5(16mm)21 is the first Townsend ionization coeffi
cient in 300-mbar He gas@19#.‡ If EPol compensatesEextern,
electron multiplication stops. As a result, the average e
tron density in the region adjacent to the anode can roug
be estimated as follows:

e0Eextern'enea
21. ~3!

A peak voltage of 5 kV across the electrodes was measu
using the two capacitive voltage probes. The average ele
field within a distance of 200mm of the knife edge anode i
on the order of 230 kV/cm. This results in an estimated
erage electron density of 1014 cm23 after termination of the
streamer mechanism.

Estimate of the plasma parameters at the time
of beam interaction

We emphasize that it is not our intention to model t
discharge itself. Our goal is to estimate the developmen
ne and Te after the voltage between electrodes is switch
off, in order to obtain the plasma parameters at the time
interaction with the heavy-ion beam. Modeling of the plasm
parametersne(t) and Te(t) starts at termination of the
streamer development by the arc discharge outside the
served region. As discussed above, the streamer disch
produces an electron density on the order of 1014 cm23 em-
bedded in a sea of dense (1019 cm23), cold helium atoms.
Due to inelastic collisions with helium atoms, the kinet
energy of the streamer electrons drops almost immedia
~within less than a ns! belowE(He 2 3S1)519.77 eV, which
is the lowest excitation energy of helium atoms. Afterwar
the electrons couple closely to the cold, dense helium-
environment by elastic collisions@see Eq.~5!#. Note that the
coupling between the fast electrons themselves due to el
coulomb scattering is weak (te2e

21 ;neTe
23/2 @7#!.

Since no explicit electron energy distribution function h
been calculated for the discharge and early times after
termination,Te should be regarded as the most likely kine
electron energy right after termination of the streamer p

et
re
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6534 PRE 58M. SALVERMOSER, A. ULRICH, AND J. WIESER
cess, and not as a temperature. After about 50 ns the
trons are considerably slower, and Coulomb scattering is
nally strong enough to establish a Boltzmann distribut
among the electrons, withTe then representing the temper
ture of the electron ensemble. The time evolution of plas
parameters (ne ,Te) is calculated by solving the rate equ
tions ~4!. The result is shown in Fig. 3:

dTe

dt
52~Te2THe!~te2He

E !212~Te2THe1!~te2He1
E

!21,

~4a!

dTHe

dt
52@THe2THe~ t5`!#tDiff

21 , ~4b!

dTHe1

dt
52~THe12THe!~tHe12He

E
!211~Te2THe1!

3~te2He1
E

!21, ~4c!

dne

dt
52k3KnHe1ne

22kDissnHe
2
1ne2tDiff

21 ne , ~4d!

dnHe1

dt
52k3Kne

2nHe12kExnHe
2 nHe12tDiff

21 nHe1 , ~4e!

dnHe
2
1

dt
52kDissnenHe

2
11kExnHe1nHe

2 2tDiff
21 nHe

2
1 . ~4f!

The elastic energy exchange collision frequency used in
~4a! between electrons and He atoms is@20#

~te-He
E !215

2me

mHe
se-HenHeve;nHeATe, ~5!

with se-He55310216 cm2. The corresponding expressio
for He-He1-collisions ~4c! is

FIG. 3. Time evolution of electron temperature and density a
termination of the electron producing streamer mechanism.
ec-
fi-
n

a

q.

~tHe1-He
E

!215
3

8
sHe1-HenHevHe

5S 2.93310211
cm3

s DnHeS THe1

eV D 1/2

,

with sHe1-He510216 cm2.
The electrons and He1 ions are thermally coupled by elas

tic Coulomb scattering processes†(te-He1
E )21; see Eqs.~4a!

and ~4c! and Ref.@7#‡. The decrease ofne and nHe1 in the
volume studied due to ambipolar diffusion process
~tDiff 5200 ns@21#! is also taken into account@see Eq.~4b!#.
The He gas in the streamers is heated up to 50 meV by
streamer process, and cools exponentially with a decay t
tDiff 5200 ns down to 27 meV~approximately equal to room
temperature!. The decay of electron density is mainly caus
by three body recombination of electrons with He1 ions
@Eqs. ~4d!, ~4e!, and ~4f!#. Formation of ionic He2

1 mol-
ecules~kEx @22#! and their dissociative recombination wit
free electrons~kdiss @23#! is also included@Eqs.~4f!, ~4d! and
~4e!#. With the setup operated at a repetition rate of 10 Hz
was possible to obtain a very homogeneous sheet disch
between the blade electrodes which was analyzed using
diagnostic setup described below.

C. Diagnostics

The ion beam and discharge excited gas target was d
nosed using time resolved optical spectroscopy on
164-nm vacuum ultraviolet~VUV ! line of He1. Light emit-
ted perpendicular to the ion beam axis was focused onto
entrance slit of a (f 530 cm) VUV monochromator
~McPherson model 218!. A 1:1 imaging optics consisting o
a flat and a curved~radius of curvature 513.4 mm! Al-MgF2
coated mirror was designed using a ray tracing program.
entrance slit of the monochromator was oriented paralle
the slit between the discharge electrodes. A resolution of
imaging optics of 100mm was obtained.

A MgF2 window was installed at the diagnostics port
the target cell. The entire light path outside the cell w
evacuated to better than 1024 mbar. Focusing and alignmen
of the optics was performed by 3-micrometer mirror mou
of the flat mirror. Light emitted from the arc discharge b
tween the tip of the upper electrode to the lower one w
carefully shielded by a cage made from carbon fiber pla
inside the target cell. A phototube with a MgF2 entrance
window ~Thorn EMI 9426B! mounted at the exit port of the
VUV monochromator was used as a detector. Measurem
of light intensity were performed in the current mode of t
phototube terminated by a 50-V resistor for obtaining ns
time resolution. The output signal was recorded using a 3
MHz dual trace storage oscilloscope~Tektronix 2440! with
1024 data points storage depth. A typical setting during
measurements was 100 ns per division and 5 mV per d
sion, respectively. Data were averaged over 256 discha
pulses using the oscilloscope, and transferred to a comp
for further analysis as described below. The absolute se
tivity of the detection system used was known from earl
work.
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III. EXPERIMENTAL RESULTS

A. Data analysis

The experimental setup described above could be o
ated routinely during experimental runs with repetition ra
of the discharge up to 10 Hz. The crucial part of the des
was to develop a discharge which enhanced the initial e
tron density ne'1012 cm23 provided by preionization by
two orders of magnitude without arcing. With all requir
ments met, a typical phototube signal as recorded on
164-nm He1 line has a time dependence like the one sho
in Fig. 4.

In the upper part of Fig. 4, a heavy-ion beam pulse exc
a 300-mbar He-gas target without a discharge. The He1n
53 level is populated by collisional excitation of target a
oms by the heavy ion projectiles. The full width at half max
mum of the phototube signal is 8 ns.

In the lower part of Fig. 4, the heavy-ion beam pul
interacts with the plasma target. The first intense signa
due to collisional ionization and collisional excitation in
the n53 level of He1 during the discharge phase. Note th
the streamer mechanism is no thermal ionization proc
and results in a nonthermal plasma. The arc discharge
lowing the initial voltage pulse shows only a small, slow
decaying signal with some ringing on it, due to some el
trical mismatch either in the discharge or the phototube
cuit. A very homogeneous light blue sheet discharge w
observed between the knife edge electrodes and a brigh
discharge at the tip of the electrodes. Without proper ali
ment or at much higher gas pressure, etc., arcing occu
between the knife edge part of the electrodes. Under s
conditions the light emitted from the arcs dominated the s
nal. Note, that not a single case of arcing is allowed to oc
during the 256 discharge pulses needed to record an inte
versus time plot as the one shown in Fig. 4. This means
probability for arcing had to be on the order of 1024 or lower
for reasonable data taking.

FIG. 4. Light emission on the 164-nm He1* (n53→2) transi-
tion is shown vs timewithout ~above! and with an active~below!
plasma target. In the lower part of the figure, the pulses are indu
by the discharge~left! and the ion beam pulse~right!, respectively.
The inset shows an expanded view of the phototube signal indu
by the ion beam pulse.
r-
s
n
c-

e
n

s

is

t
s,
l-

-
r-
s

arc
-
ed
ch
-
r
ity
e

The signal in Fig. 4 not yet discussed is the second p
(t'200 ns), which shows the 164-nm light pulse induced
heavy-ion beam excitation. A similar light pulse is also o
served without the discharge, as shown in the upper par
Fig. 4. Absolute intensity measurements of the light emiss
without discharge allow the optical emission cross sect
for the 164-nm transition to be measured. The photon em
sion rate per atom normalized to the flux of incident hea
ion projectiles independent of the specific processes lea
to light emission~direct excitation into the upper level, cas
cades from higher lying levels etc.!. A value of (965)
310220 cm2 was obtained for then53 – 2 transition for the
100-MeV 32S ions used in the experiment, with the sensit
ity of the detection system being the main source of exp
mental error.

An important aspect in studying the recombination in t
plasma target is a precise measurement of the time integr
heavy-ion beam induced light intensity at least on a relat
scale. Data without ignition of the discharge were used a
reference. Such reference data were recorded before an
ter each measurement, with the discharge applied to the
get gas. The ion beam intensity was measured using a F
day cup behind the plasma target, and continuou
monitored on a chart recorder. Sets of data where beam
tuations of more than 20% occurred were not included in
data analysis. Integration of the normalizing intensity cou
be performed easily since no background signal was
served. With the discharge activated, the beam induced l
signal is overlayed by the background signal of the d
charge. The following procedure was used to accura
measure the time integrated ion beam induced light intens
The decay of the discharge light with the beam switched
was described using the following relation with seven fr
parametersa0–a6 :

YD~ t !5a0exp~2a1t !1a2exp~2a3t !sin~a4t1a5!1a6 .
~6!

The first term describes the exponential decay of the frac
of light from the arc discharge which reaches the detec
despite shielding. The second term takes electronic ring
into account. An offset is represented by parametera6 . The
onset and decay of the ion beam induced light was mode
by

YB1~ t !5a7$tanh@a8~ t2a9!#11%exp@2a10~ t2a9!#.
~7!

The hyperbolic tangent term is used to describe the sh
onset of the light signal induced by the ion beam pulse, a
the exponential function its slower decay. The sum of th
two functions was fitted to the experimental data. The ti
of the onset of the ion beam pulse, which was varied exp
mentally as described below, could also be varied in
model by adjusting the parametera9 . The result of such a
data analysis is shown in Fig. 5. Experimental data, the c
responding fit function, and their difference~residuum! is
plotted versus time. The residuum shows only white no
indicating that the function describes the data properly. T
onset and decay of the ion beam induced light witho
plasma target was modeled by the function

ed

ed
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YB2~ t !5a7$tanh@a8~ t2a9!#11%exp@2a10~ t2a9!#1a6 ,

~8!

completely analogous to Eq.~7!.
Numerical integration could then be performed on the

beam part of the model, resulting in an accurate measur
the time integrated light signal induced by the ion be
without plasma targetI 2 ~164 nm! and with plasma targe
I 1(164 nm) for various discharge conditions:

I 2~164 nm!5E
0

`

YB2~ t !dt, ~9!

I 1~164 nm!5E
0

`

YB1~ t !dt. ~10!

The relative increase in the time integrated heavy-ion be
induced light signal on thel5164 nm He1*(n53→2) tran-
sition is then used as a signature for three body recomb
tion S3K :

S3K5
I 1~164 nm!

I 2~164 nm!
. ~11!

Experimental errors were determined as follows. The
ror due to photon statistics is about 7%. The error introdu
by the data acquisition system is dominated by the jitter
electron multiplication in the phototube. This can be trea
purely statistically as well, and is on the order of 8%. Bo
contributions have been taken into account for both the
nal and normalization data, as discussed below.

Experimental results for the signatureS3K(dt) for three
body recombination with the heavy-ion beam, interact
with the plasma target at a timedt after termination of the
streamer mechanism, are shown in Fig. 6. Different symb
indicate that data were measured at different experime
runs with completely new settings of the Tandem accele
tor, showing that the results were nicely reproducible.

Data can be qualitatively interpreted as follows. When
heavy-ion beam pulse is sent into the plasma target too e

FIG. 5. Phototube signal of ion beam pulse induced light em

sion on the 164-nm (n53→2) transition in He1* ~data!, with fit
and resulting residuum~termination of discharge att50!.
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(dt<150 ns), then the electrons are too hot and three b
recombination is not significant (R3K;ne

2Te
29/2). Around

dt5200 ns the electron densityne is still high, and the elec-
tron temperatureTe is low enough for three body recomb
nation of heavy-ion beam induced He21 ions to occur. In this
process the He1*(n53) level is populated directly by the
heavy-ion beam and additionally by three body recombi
tion, leading to an increase in the light output on t
He1*(n53→2) transition. Atdt5200 ns, an increase in in
tegrated light intensity of about 40% is observed. This res
in a three body recombination rateR3K533107 s21. If dt
.200 ns, thenTe is low in the plasma target, butne also
decreases rapidly~see Fig. 3!. SinceR3K;ne

2, the three body
recombination rate decreases, and the population of
He1*(n53) level by three body recombination ceases to
Note that the data atdt'130 ns withS3K,1 are real. They
can be explained by the fact that at such short times after
discharge, there is a high electron density in the tar
plasma, which leads to a high rate of nonradiating collisio
deexcitation of the He1*(n53) level. At the same time, a
high electron temperature hampers the population of
level by three body recombination of He21 ions. Also, the
temperature of the target gas is high right after termination
the streamer mechanism, which causes an adiabatic ex
sion of the target gas. This leads to a reduced target
density, again adding to a decrease of heavy-ion beam
duced light output on the He1*(n53→2) transition at early
times.

B. Modeling of the data

Experimental data shown in Fig. 6 can be explained us
coupled rate equations describing the He1* system. The rate
equation~12! was solved numerically, providing the tim
dependent population densities without@n32(t)# and with
@n31(t)# an active plasma target. The heavy-ion beam pu
was treated as ad function in time wherej B'108 cm22

instantaneously producing population densitiesnHe1* (m)(t
50) for main quantum numbers 3<m<6 and nHe21 with

-

FIG. 6. Relative increase in the light output for the He1* (n
53→2) transition due to three body recombination of heavy-i
produced He21 ions with free electrons supplied by the plasm
target. Calculated signatureS3K , as defined in the text, is als
shown.
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cross sectionssm and sHe2159.2310217 cm2 @18#. Cross
sectionss354.3310219 cm2 ands451.5310219 cm2 have
been measured using an absolutely calibra
monochromator-detector system. The other cross sect
have been calculated according to

sn

sm
5

f 1,n
absE1,m

f 1,m
absE1,n

,

with f 1,m
abs taken from Ref.@24#.

If the beam pulse is sent into the 300-mbar He gas w
out a plasma target,ne51012 cm23 and Te527 meV are
used in Eq.~12!:

ne5ne~dt !,

Te5Te~dt !,

nHe21~ t50!5sHe21nHej B ,

nm~ t50!5smnHej B , 3<m<6,

dnHe21~ t !

dt
52R3K~Te ,ne!nHe21 ,

dn6~ t !

dt
5R3K~Te ,ne!nHe21

2S (
i 51

5

~A6,i1R6,i
Deex!1kP~6!nHeD n6~ t !,

dn5~ t !

dt
5~A6,51R6,5

Deex!n6~ t !

2S (
i 51

4

~A5,i1R5,i
Deex!1kP~5!nHeD n5~ t !,

dn4~ t !

dt
5(

i 55

6

~Ai ,41Ri ,4
Deex!ni~ t !

2S (
i 51

3

~A4,i1R4,i
Deex!1kP~4!nHeD n4~ t !,

dn3~ t !

dt
5(

i 54

6

~Ai ,31Ri ,3
Deex!ni~ t !

2S (
i 51

2

~A3,i1R3,i
Deex!1kP~3!nHeD n3~ t !. ~12!

Due to the fast process of deexcitation induced by e
tron collisions~Rn,m

Deex, as taken from Ref.@6#!, three body
recombination@R3K(Te ,ne); see Eq.~2!# is treated as if re-
combination would occur directly into the He1*(n56) level.
The spontaneous emission rates between the levels (An,m)
are taken from Ref.@24#. Penning ionization is taken into
account bykP(n) given in Ref.@25#. Charge transfer rate
between He21 ions and He atoms, as well as the rate
He2

21 molecule formation, have been estimated, and can
d
ns

-

c-

f
e

neglected in comparison with the rates of spontaneous e
sion, Penning ionization, and electron collisional deexc
tion.

The time integrated intensity emitted on thel5164 nm
He1* transition without plasma target@I 2 ~164 nm!# is pro-
portional to the number of photons emitted per volume e
mentnPh2 ~164 nm!, and calculated according to

I 2 ~164 nm!;nPh2 ~164 nm!5E
0

8 ns

A3,2n32~ t !dt.

~13!

When the beam pulse is sent into the active plasma targ
a time dt after termination of the streamer mechanis
plasma parametersne(dt) and Te(dt), as calculated using
Eq. ~4! and shown in Fig. 3, are used in Eq.~12!:

I 1 ~164 nm!~dt !;nPh1 ~164 nm!5E
0

8 ns

A3,2n31~ t !dt.

~14!

Applying the same analysis as performed for the experim
tal data@see Eq.~11!# to the intensitiesA3,2 calculated by the
theoretical model described above, leads to

S̃3K~dt !5
I 1 ~164 nm!~dt !

I 2 ~164 nm!
5

E
0

8 ns

A3,2n31~ t !dt

E
0

8 ns

A3,2n32~ t !dt

.

~15!

Photons emitted more than 8 ns after the heavy-ion be
excitation were not included in the analysis since these p
tons could not be separated from background produced
the plasma target itself~see Figs. 4 and 5!. In order to com-
pare S̃3K(dt) with the measured relative increase in lig
output of the He1*(n53→2) transition~see Fig. 6!, one has
to take into account that the plasma target has a m
smaller diameter (O” PT5200mm) than the heavy-ion beam
(O” HIB5800mm), which leads to a smaller value o
S3K(dt), since the influence of three body recombinationI 3K
~164 nm! on I 1 ~164 nm! @see Eq.~14!# scales according to

I 3K ~164 nm!5
O” PT

O” HIB
@ I 1 ~164 nm!2I 2 ~164 nm!#.

~16!

As a result,S̃3K(dt) has to be corrected as follows:

S3K~dt !5S 12
O” PT

O” HIB
D1

O” PT

O” HIB
S̃3K~dt !50.7510.25S̃3K~dt !.

~17!

Results of model data@S3K(dt); see Eq.~17!# and experi-
mental data are compared in Fig. 6. Calculations are ba
on the modeling of plasma parametersne(t) andTe(t) in the
plasma target@see Eq.~4!# and rate equation~12! for the
He1*(n) levels. As can be seen from Fig. 6, the measu
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values of the signatureS3K for three body recombination, a
well as its development with time, are accurately describ
by the model calculations.
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